Introduction
Rabies is a highly lethal zoonosis that affects the central nervous system (CNS) of mammals. It is caused by a virus in the family Rhabdoviridae, genus Lyssavirus, species Rabies lyssavirus (International Committee on Taxonomy of Viruses, 2016) . The main reservoirs are carnivores and chiropterans, which can transmit the virus through saliva by biting, scratching and licking, of which biting is the most common.
Herbivores, especially bovines and equines, are dead-end hosts of the disease but can also transmit it accidentally. The main transmitter of rabies to these animals is the hematophagous bat Desmodus rotundus, and the regular finding of the antigenic variant specific to this species (AgV3) in samples from herbivores is evidence of the sensitivity of these animals to infection transmitted by bats (Mochizuki et al., 2012) . However, the species Diaemus youngii and Diphylla ecaudata can also take part in the transmission cycle (Fundação Nacional da Saúde, 1996; Gonçalves et al., 2002) .
The disease is considered endemic in certain regions of Latin America, and its economic cost runs to hundreds of millions of dollars a year. In addition to the loss of animals by rabies infection, secondary infections caused by hematophagous bats can affect herbivores and result in economic loss (Arelano-Sota et al., 1971; Schmidt & Badger, 1979; Acha & Szyfres, 1986; Johnson & Montano Hirose, 2018) . The economic cost of the diseases is compounded by the cost of post-exposure treatment of humans. Underreporting of the disease tends to undermine the effectiveness of control measures.
In 1966 a plan to combat rabies in herbivores was launched in Brazil. This is currently known as the National Program for the Control of Rabies in Herbivores (PNCRH) and is the responsibility of the Department of Animal Health in the Ministry of Agriculture, Fisheries and Supply (MAPA). Measures taken as part of the program include control of D. rotundus bats, vaccination of animals in endemic areas and submission of samples from suspected rabid animals for rabies testing (Brasil, 2009) .
The incubation period for rabies transmitted by D. rotundus is typically around 30 to 90 days, or even longer (Brasil, 2008) . Although the paralytic form predominates, the neurological signs may be confused with those of other diseases such as equine encephalomyelitis, toxoplasmosis, listeriosis and herpesvirus infections. Furthermore, the lesions do not have any specific macroscopic characteristics (Braund et al., 1987; Singh et al., 2017) . It is therefore essential to submit samples of suspected rabid animals for laboratory diagnosis so that surveillance measures can be taken, particularly in areas where hematophagous bats are found. The World Health Organization (WHO) and the World Organization for Animal Health (OIE) recommended as gold standard test in the diagnosis of rabies the Fluorescent Antibody Test (FAT) (Dean et al., 1996) , and for viral isolation, the Mouse Inoculation Test (MIT) (Koprowski, 1996) and/or the isolation in cell culture (Webster & Casey, 1996) . In addition, samples fixed in formalin can be tested by immunohistochemistry (IHC), which can therefore be used as another diagnostic tool for rabies. This technique is useful because it minimizes the possibility of artifacts due to autolysis that can compromise the viability of biological samples and consequently prevent conventional techniques being used.
The histopathological findings in rabies in herbivores are normally meningoencephalitis and meningomyelitis together with lymphocytic infiltrates (Langohr et al., 2003; Rech et al., 2006; Maxie & Youssef, 2007; Marcolongo-Pereira et al., 2011) . The areas most often affected by inflammation are the brainstem, cerebellum and spinal cord (Langohr et al., 2003; Fernandes & Riet-Correa, 2007; Marcolongo-Pereira et al., 2011; Singh et al., 2017) . Intracytoplasmic inclusions known as Negri bodies are pathognomonic of the disease (Swanepoel, 2004) . The present study therefore sought to characterize the phenomena involved in the histopathology of rabies and to assess the presence and amount of viral antigen in situ in different brain regions of naturally infected equines and bovines.
Materials and methods

Study population
The rabies cases were represented by 16 brain samples from equines (Equus ferus, n= 8) and bovines (Bos taurus, n= 8) provided by the Rabies Diagnostic Laboratory at the Pasteur Institute of São Paulo between 2008 and 2009. The samples were selected at random using a positive result for rabies by FAT as the selection criterion. The control group consisted of ten 3/10
In situ histopathological and immunohistochemical characterization of rabies in the brains of naturally infected equines and bovines brain samples (five from equines and five from bovines) selected using the absence of any infectious disease or neurological manifestation as the inclusion criterion. The equine samples came from the pathology laboratory at the São Paulo Jockey Club, and the cause of death was enterocolitis, laminitis, trauma and sudden death. Euthanasia was performed using sedation followed by administration of a general anesthetic, a neuromuscular blocking agent and, lastly, a death-inducing drug. The bovine samples came from a slaughterhouse, and the animals were therefore known to be healthy. The animals had been slaughtered humanely using a pneumatic penetrating stunner. The study was approved by the Pasteur Institute of São Paulo Committee for Ethics in the Use of Animals (CEUA/IP) under reference no. 08/2014.
Analysis of epidemiological data
The records for each sample were examined to identify the epidemiological history, including information such as age, gender, vaccination status, history of aggressive behavior and type of death.
Database samples
All 16 rabies 'cases used in this study had been previously confirmed by the FAT, and/or MIT. The methodology used in laboratory routine is based on the CNS processing of animals suspected. FAT was performed using polyclonal antibodies against rabies virus ribonucleoprotein (RNP) conjugated to fluorescein isothiocyanate (FITC) for Rabies virus (RABV) antigen detection in brain smears. For viral isolation, the suspensions 20% (weight/volume) were prepared from the suspect animal nervous tissue and then inoculated in mice (MIT).
Sample preparation
Fresh fragments measuring approximately 6 mm were cut from the hippocampus (HC), cerebral cortex (CC), cerebellum (CB) and brainstem (BS), fixed in a 10% buffered formalin solution for 24 hours and then embedded in paraffin blocks. Histological sections 4µm thick were made with a microtome and mounted on previously silanized slides.
Histopathological examination
Hematoxylin and eosin staining (HE) was used to identify histopathological changes, the degree of inflammation and the presence of cell inclusions in the brain regions described above.
Testing for the presence of viral antigen
For the immunohistochemical analysis (IHC), peroxidase-labeled streptavidin/biotin-complex (SABC) and anti-rabies polyclonal antibody provided by the Evandro Chagas Institute, Belém, PA, were used (Bourgon & Charlton, 1987; Achkar et al., 2010; Fernandes et al., 2011) . The IHC reaction was assessed using positive controls (brain fragments containing rabies virus antigen) and negative controls, which had all the reagents except the polyclonal antibody.
Interpretation of the results
The slides were examined under an ordinary optical microscope with a 10x eyepiece and 20x and 50x objective lenses. HE-stained sections revealed inflammatory changes, degenerative cell processes and the presence of inclusions, which were determined by semiquantitative analysis following Assis and Rosemberg (Assis & Rosemberg, 1984) using a scale from 0 (absent) to 3 (intense). In the IHC-stained sections, positivity was determined by observing the distribution of antigen and the presence of viral inclusions. Four degrees reflecting the intensity of the reactions were adopted following criteria used by Carrieri et al. (2006) . The sensitivity of the IHC technique was expressed as the positivity of IHC divided by the positivity of FAT, or S=PIHC/PFAT (sensitivity of IHC = positivity of IHC/positivity of FAT) (Forattini, 1980) . All the data were tabulated using Excel.
All applicable international, national, and/or institutional guidelines for the care and use of animals were followed. This paper is part of the project "Immunopathologic characterization of rabies in situ in the central nervous system of naturally infected equines and bovines", which was approved by Ethics Committee on Animal Use of Pasteur Institute (Register 08/2014 -CEUA PASTEUR).
4/10
In situ histopathological and immunohistochemical characterization of rabies in the brains of naturally infected equines and bovines
Results
Epidemiological data
The epidemiological data showed that 55% of the animals had not been vaccinated against rabies. Most of the animals (70%) died a natural death. Samples were divided practically equally between males and females, and 30% each of bovines and equines had a history of aggressive behavior. Approximately half of the samples came from animals less than 24 months old.
Histopathological alterations
Histopathological examination revealed various inflammation-related changes ( Table 1) . The most commonly infected cells were neurons, and all the cases exhibited neurodegeneration, as well as, was observed in some cases, diffuse gliosis, vacuolation and lymphocytic infiltrates as evidenced by vasculitis and perivasculitis (Figure 1) , and plasma cells and macrophages were also observed to a lesser degree. Meningitis, microglial nodules and neuronophagia were observed to varying degrees (Table 2 ). Brain tissue in the control group was unremarkable apart from the presence of mild ischemia and blood congestion, probably a consequence of the animal's death.
Negri bodies were observed in 21 and 19 CNS fragments of equines and bovines, respectively. They were more evident in Purkinje cells in the cerebellum and the brainstem.
Analysis of the 32 fragments from each species revealed that 23 (71%) of the equine samples had mild inflammation and 7 (22%) moderate inflammation. The brainstem was the most affected region and was followed by the cerebellum. Of the bovine samples, 14 (44%) had mild inflammation, 8 (25%) moderate inflammation and 8 (25%) intense inflammation. All four regions were affected equally. A possible correlation between the presence of inclusions and inflammation was investigated in the four regions in both species. While in equines inflammation in the hippocampus was predominantly mild with moderate to abundant Negri bodies, in bovine inflammation in this region was also mainly mild but inclusions varied from sparse to moderate. The cortex samples from equines showed mild inflammation, and 50% had inclusions varying from sparse to moderate, while in the cortex of bovine inflammation varied from mild to intense, and inclusions were present in moderate numbers. In the cerebellum, inclusions were sparse in both species, but inflammation was more intense in bovine. The same was observed for the brainstem (Figure 2 ). Figure 2 . Correlation between the degree of inflammation and the presence of Negri bodies in fragments of hippocampus, cortex, cerebellum and brainstem from Equines and Bovines naturally infected with rabies virus.
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Testing for the presence of viral antigen
Two methods were used to investigate the presence of viral antigen: FAT and IHC. FAT revealed that viral antigen was heterogeneously distributed in neuronal cytoplasm in both species but that staining intensity was greater in bovine samples. IHC not only revealed rabies viral antigen with a granular appearance distributed multifocally and irregularly in the neuronal cell body and axons, but also clearly identified larger well-defined antigen aggregates characterizing viral inclusions. The regions with the greatest concentrations of antigen detected by both methods were the cerebellum and brainstem (Figure 3 ). Only one sample was negative by IHC; the sample was positive by FAT, but with low-intensity staining (Table 3) . IHC was more sensitive for bovine samples (Table 4 ). 
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The incubation period was considered to be the time between inoculation of the samples (performed previously by intracerebral inoculation in mice to isolate the virus) and the appearance of the first symptoms. From data obtained in laboratory routine, it was possible to observe that the minimum incubation period in the animals inoculated with bovine samples was 7 days and the maximum 11 days. The corresponding figures for equine samples were 9 and 14 days, respectively. In the in vivo test, we failed to isolate the virus from two samples of each species.
Discussion
The present study was carried out through the analysis of epidemiological data as well as of the results acquired previously by conventional techniques; the implementation of the IHQ and in the evaluation of histopathological findings and presence of cellular inclusions of rabies characteristics in brain samples from naturally infected equines and bovines.
According to the epidemiological records for the samples received for laboratory diagnosis, all the animals presented with clinical signs of the disease, the most frequent being depression, uncoordinated gait, lateral decubitus, pedaling movements and finally, paralysis. These findings agree with those reported in the literature (Lima et al., 2005; Pierezan et al., 2007) .
The samples came from various municipalities in the state of São Paulo where the hematophagous bat Desmodus rotundus, the main transmitter of rabies in herbivores in Brazil, is found. The presence of this species is reflected in the fact that samples are regularly received from these municipalities for laboratory diagnosis.
Epidemiological surveillance for rabies in herbivores is essential wherever hematophagous bats are found, as natural factors such as the presence of shelter, the availability of food and suitable climatic conditions favor the presence of these animals, which are extremely effective in disseminating the virus, making the disease an enzootic one .
Studies have shown that the incubation period of the virus from herbivore samples inoculated in mice varies from 7 to 13 days (Silva et al., 2010; Achkar et al., 2010) . Here, the virus was isolated in 75% of the samples, and the incubation period varied from 7 to 14 days. All the animals had the paralytic form of the disease. According to other studies, this form of the disease is associated with lesions in the brainstem and spinal cord and is more common in herbivores (Fernandes & Riet-Correa, 2007) . In a study carried out with bovine and equine samples, Bassuino et al. (2016) showed that lesions were most common in the spinal cord, followed by the brainstem and cerebellum. In the present study, the brainstem was the most affected region, followed by the cerebellum; none of the samples included spinal cord fragments.
Generalized neurodegeneration was observed in all the cases studied. Perivascular accumulation of mononuclear cell infiltrate, particularly lymphocytes and, to a lesser degree, plasma cells and macrophages, was also observed. This profile is characteristic of chronic inflammation, a feature of paralytic rabies caused by the widespread dissemination of the virus as the disease progresses. Involvement of the meninges varied from mild to moderate. These findings agree with those of previous studies (Carlton & McGavin, 1998) , indicating that rabies in herbivores is characterized by degenerative meningoencephalitis.
According to the literature, Negri bodies can be absent in 20 to 60% of cases (Last et al., 1994; Palmer et al., 1985; Rupprecht et al., 2002) . We found inclusions in at least one brain region in all the samples although in different numbers. Analysis of the four brain regions in the eight samples for each species using HE revealed inclusions in 62% of the equine samples and 59% of the bovine samples. This is a higher figure than in other studies, in which the corresponding figure was 47% (Green et al., 1992; Lima et al., 2005; Peixoto et al., 2000; Carrieri et al., 2006) . The greatest amount of viral antigen was observed in the cerebellum and brainstem regardless of the technique used (FAT or IHC), agreeing with the findings of previous studies (Langohr et al., 2003; Pedroso et al., 2009 , Achkar et al., 2010 . For bovine brain samples in paraffin embedded tissue, IHC was more sensitive than FAT. In the equine samples, the technique was more sensitive when used with cerebellum and brainstem samples. These findings confirm that IHC is a suitable alternative technique for laboratory diagnosis of rabies when FAT cannot be used and it is particularly useful for equine samples as FAT can yield many false negative results with this type of sample (Achkar et al., 2010) .
More viral antigen was found in the bovine samples than in the equine samples, a finding also reported by Peixoto et al. (2000) , who reported that Negri bodies were more common in bovine (80%) than equines (36%).
In the present study, 70% of the animals died a natural death, which may account for the results of FAT and IHC. Infected animals that are euthanized tend to have lower positivity in the diagnostic tests and fewer characteristic histopathological features of rabies. Brain lesions are frequently absent because the clinical course of the disease is interrupted, as is the dissemination of the virus through the CNS. Oliveira et al. (2012) reported 41.6% positivity in FAT in bovine that died a natural death compared with a figure of 34.08% in animals that had been euthanized.
Disease progression in equines is faster than in bovines (around 3 to 6 weeks compared with 3 to 15 weeks) and can result in death in as little as 3 or 4 days (Summers et al., 1995) or a decision to euthanize the animal. Our results, which agree with the literature, show that less viral antigen was detected in the equine samples with both techniques, and one sample was negative by IHC. This may be related to the smaller amount of viral antigen in brain tissues in this species (Lima et al., 2005; Achkar et al., 2010) .
Previous studies have shown that the number of Negri bodies may be inversely proportional to the degree of inflammation (Cantile & Youssef, 2016) and that they may be absent in up to 30% of rabies cases (Last et al., 1994; Palmer et al., 1985; Rupprecht et al., 2002; Faizee et al., 2012) . In 37.5% (24/64) of all the fragments analyzed here, viral inclusions were not observed although an inflammatory process was present. This proportion was slightly higher for bovine brain samples (13/32) than for equine samples (11/32). These findings highlight the importance of submitting samples from suspected rabid animals for diagnostic testing (FAT/IHC) even when there are no apparent abnormal histological findings as they suggest that the histopathological features of rabies are unremarkable.
Farm animals, particularly bovines and equines are considered terminal hosts, on the other hand, are the most affected since they provide great value food to vampire bats, which are important reservoirs of disease. The laboratory diagnosis is essential for an effective epidemiological surveillance be established in a particular region. Our findings reinforce the presence of histopathological changes in the CNS of infected animals not necessarily determines the presence of viral antigen in particular fragment, so, it is necessary the investigation from all CNS` regions by different diagnostic methodologies.
